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A new method for application of quadrupolar excitation to the trapped ion cell of a Fourier 
transform ion cyclotron resonance (FI’ICR) mass spectrometer is presented. Quadrupolar 
excitation is conventionally applied to the two pairs of opposed electrodes that normally 
perform the excitation and detection functions in the FTICR experiment. Symmetry argu- 
ments and numerically calculated isopotential contours within the trapped ion cell lead to 
the conclusion that quadrupolar excitation can be applied to a single pair of opposed side 
electrodes. Examples of effective quadrupolar axialization via this method include a seven- 
fold signal-to-noise enhancement derived from 50 remeasurements of a single population of 
trapped bovine insulin ions and the selective isolation of a single charge state of horse heart 
myoglobin after an initial measurement that revealed the presence of 14 charge states. (J Am 
Sot Mass Spectrom 1995, 6, 448-452) 
0 ne of the most promising recent advances in Fourier transform ion cyclotron resonance (FTICR) mass spectrometry is the development 
of quadrupolar excitation (also known as quadrupolar 
axialization) for ion cooling and centering [l-141. A 
resonant electric azimuthal quadrupolar field is used 
to reduce ion magnetron radii through coupling of the 
cyclotron and magnetron motions [l-3] in the presence 
of a suitable collision gas. The defeat of this major ion 
cloud expansion and loss process has allowed re- 
searchers to achieve remarkable improvements in ion 
confinement time [4, 51, resolution [6-81, selectivity 
[5, 8-101, remeasurement efficiency 1111, and collision- 
induced dissociation (CID) efficiency [ 121. 
Typically quadrupolar excitation is applied to the 
two pairs of opposed electrodes that make up the side 
plates of the trapped ion cell. A small potential that 
oscillates at the unperturbed ion cyclotron frequency is 
applied to one pair of opposed side plates and a 
second waveform of the same amplitude and fre- 
quency, but 180” out of phase with the first waveform, 
is applied to the remaining pair of side electrodes. This 
arrangement creates a two-dimensional quadrupolar 
field in the x-y (azimuthal) plane of the trapped ion 
cell. During conventional FTICR operation one pair of 
side electrodes is used for dipolar cyclotron excitation 
and the other pair is used for differential detection. 
Thus, quadrupolar excitation and dipolar excitation 
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require different electrical connections to the side elec- 
trodes of the cell and to that extent are incompatible. 
To date two solutions to this incompatibility have 
been implemented. The first, developed by Marshall’s 
group [41, requires two trapped ion cells that share a 
common trap plate (referred to as the dual cell). One 
cell (called the source cell) is wired for quadrupolar 
excitation and the other (called the analyzer cell) is 
wired for dipolar excitation and detection. In general 
the experiments involve ion trapping and quadrupolar 
axialization in the source cell, ion transfer to the ana- 
lyzer cell through a small orifice in the common trap 
plate, and dipolar excitation and detection in this suit- 
ably wired cell. Although this method has been highly 
successful, it does require two cells and is somewhat 
inflexible. Once the trapped ions have been transferred 
to the analyzer cell, the quadrupolar axialization capa- 
bility is lost and only a limited number of ion detec- 
tion events are possible. 
The second solution is to rapidly switch the electri- 
cal connections of the cell side plates from dipolar 
mode to quadrupolar mode by using a relay inserted 
between the cell electrodes and the instrument elec- 
tronics. This implementation of quadrupolar axializa- 
tion was first used by Speir et al. [ll] to achieve highly 
efficient remeasurement in a cubic cell. Advantages of 
this technique include the need for only one ion trap 
and the flexibility to switch between modes of opera- 
tion as desired. However, the method does require 
additional hardware that is not commercially avail- 
able, and insertion of the switching relay into the 
instrument electronics can impair their performance. 
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For example, the additional capacitive load of the 
switching circuit may exceed the capability of the 
excitation amplifier and introduces excess noise picked 
up by the detection preamplifier. 
Consideration of the excitation field symmetry 
required to facilitate quadrupolar excitation reveals 
that the excitation waveform can be applied to only 
one opposed pair of side electrodes. In this work, 
the successful application of quadrupolar excitation to 
only two of the side plates of the trapped ion cell is 
demonstrated. This method of operation simplifies 
the quadrupolar axialization procedure and reduces 
noise in the detection circuitry by removing the detec- 
tion electrodes from the cooling process. SIMION- 
generated [151 isopotential contours show that the 
shape of the isopotential contours is nearly identical in 
the comparison of excitation on two and four plates. 
Examples of the capability of this new method of 
operation include remeasurement of a single ion popu- 
lation and charge state isolation through selective cool- 
ing of a single protein charge state. 
the entire axialization event (l-5 s), which thus simu- 
lated a static pressure [7] and improved performance. 
The optimum quadrupolar excitation voltage for all 
experiments was found to be between 0.2 and 2 VPmp. 
Typical cooling delays ranged from 1 to 5 s. 
The difference between conventionally applied 
quadrupolar axialization and the method described 
here is shown in Figure 1. The usual electrode connec- 
tions are shown in Figure la. In this case the two 
electrodes used for dipolar excitation are switched to 
one output of the excitation amplifier and the two 
electrodes used for dipolar detection are switched to 
the remaining output, which is 180” out of phase with 
respect to the first output. The application of quad- 
rupolar excitation to only two electrodes is shown in 
Figure lb. The two detection electrodes are sim&y 
wired directly to the detection preamplifier (or can be 
switched for other purposes). 
Results and Discussion 
Experimental 
An electrospray ionization mass spectrometer was used 
to collect the experimental data and is described else- 
where [16, 171. Briefly, electrospray ions are formed at 
atmospheric pressure in a Chait-type source [18] posi- 
tioned in the bore of a 3.0-T superconducting magnet. 
Differential pumping across a series of concentric vac- 
uum chambers reduces the system pressure to 10m9 
torr at a cylindrical open trapped ion cell [19] posi- 
tioned 15 cm away in the center of the magnet. Ion 
kinetic energy is determined by a supersonic gas ex- 
pansion across the heated metal capillary and 250-Frn 
diameter skimmer and by the potential applied to the 
skimmer, which is typically in the 5-15-V range. Typi- 
cal trap potentials used to capture ions are between 5 
and 10 V. An Odyssey data station (Waters Extrel 
FTMS, Madison, WI) was used for all instrument con- 
trol, data acquisition, and spectral presentation. Ions 
were excited by using a 70-V,,-P chirp swept at 400 
Hz/ps, and 16K data points were digitized by using a 
600~kHz bandwidth. The resulting transients were 
baseline corrected and zero padded prior to magni- 
tude-mode Fourier transformation. Bovine insulin (MW 
5735) and horse myoglobin (MW 16951) were used as 
received from Sigma Chemical Co. (St. Louis, MO). 
At first glance the symmetry necessary to form an 
azimuthal quadrupolar field may lead to the conclu- 
sion that voltages must be applied to all four side 
plates of a typical trapped ion cell. However, all that 
really is required is the presence of the four electrodes. 
Just as in the simplest operational mode of the 
quadrupole ion trap, in which the end caps are held at 
earth ground and voltage is applied to the ring elec- 
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Quadrupolar excitation is applied to the cell by 
using a previously described switching box [ll]. The 
circuit consists of a four pole, double throw relay that 
is triggered by a 5-V TTL pulse. When the relay 
switches are active, the electrical connections at the cell 
facilitate the application of an azimuthal quadrupolar 
electric field. The collision gas is admitted to the cell 
region from a differentially pumped reservoir, which 
for this work was maintained at a pressure of 1 torr. 
This allowed the pulse valve to remain open during 
Figure 1. Schematic diagram of the electrical connections to the 
trapped ion cell when (a) quadrupolar excitation is applied 
conventionally and (b) when quadrupolar excitation is applied to 
only one pair of cell electrodes. 
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trode 1201, an excitation signal need be applied only to 
one pair of side electrodes, while the other pair is held 
at ground potential to shape the azimuthal quadrupo- 
lar field. Evidence in support of this argument is shown 
in Figure 2 in the form of SIMION-generated isopoten- 
tial contours for a trapped ion cell of square cross 
section. In Figure 2a conventionally applied quadrupo- 
lar excitation is depicted in which 1 V is applied to one 
set of opposed electrodes and - 1 V is applied to the 
remaining set. The familiar shape of the contours can 
be immediately recognized. Modeled ln Figure 2b is 
the same cell but with one set of opposed electrodes at 
2 V and the other pair at ground (2 V is applied 
instead of 1 V so that the potential difference between 
adjacent electrodes remains constant). The shape of the 
contours, as expected, is similar to those shown in 
Figure 2a. It should be noted that the square cross 
section geometry was chosen only for the convenience 
of modeling flat electrodes and that the argument 
holds for hyperbolic and cylindrical electrodes as well. 
In fact, the experimental data to be shown in support 
of the theory were collected in an elongated open cell 
of circular cross section. 
Although not apparent in Figure 2, the cell potential 
is not identical in the two cases. For example, when 
excitation is applied conventionally (as shown in Fig- 
ure la), the potential at the center of the cell remains 
constant. When excitation is applied to only two plates 
(as in Figure lb) the potential at the cell center oscil- 
a +1v 
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Figure 2. SfMION-generated isopotential contours for a cell of 
square cross section when (a) quadrupolar excitation is applied 
conventionally and (b) when quadrupolar excitation is applied to 
only one pair of cell electrodes. In both cases the isopotential 
contours are spaced every 0.2 V. 
lates. The result is an additional axial resonance not 
present in conventional quadrupolar excitation. HOW- 
ever, even if this resonance is excited (for instance, 
during broadband axialization), the high pressure used 
during the quadrupolar excitation event would pro- 
hibit any significant increase in motional amplitude 
and subsequent ion loss. In fact, there are additional 
resonances present in conventional quadrupolar excita- 
tion [3,21] that do not impair broadband performance 
for precisely this reason. 
One of the most rigorous tests of the cooling process 
is to remeasure the same ion population many times 
[22-241. Analysis of the signal-to-noise ratio (S/N) 
enhancement then can be related to the efficiency of 
axialization for a given time period, dipolar excitation 
radius, and number of remeasurements. Shown in Fig- 
ure 3 are comparison mass spectra of the +5 charge 
state of electrosprayed bovine insulin ions. The single 
scan spectrum exhibits a S/N of about 10. By remea- 
suring that same ion population 50 times, a S/N of 70 
is achieved. The rzl/’ improvement in signal-to-noise 
ratio indicates that the ion cloud has cooled completely 
to the center of the trapped ion cell after each measure- 
ment and that few, if any, ions were lost during the 
5-min experiment. 
a 
b 
Figure 3. Comparison electrospray ionization FIXR mass spec- 
tra of the +5 charge state of bovine insulin. A sevenfold S/N 
enhancement is observed for the comparison of (a) the spectrum 
obtained from the first scan with fb) the spectrum obtained from 
50 remeasured scans. 
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For the interconversion between cyclotron and mag- 
netron motion to occur, the quadrupolar electric field 
must resonate at the cyclotron frequency of the chosen 
ion. This mass selectivity easily can be used to isolate a 
single protein charge state. Shown in Figure 4 is the 
isolation of a single charge state of horse myoglobin. 
The experiment was performed by measuring a single 
ion population twice. The first observation is shown in 
Figure 4a. It is evident that 14 charge states of myo- 
globin have been trapped and detected. Following 
detection the pulse valve was opened for 5 s to raise 
the pressure in the cell to 10m5 torr, while quadrupolar 
excitation was applied at the frequency of the +18 
charge state. The spectrum shown in Figure 4b then 
was acquired under the same excitation conditions 
used for the first scan. The selective nature indicative 
of quadrupolar excitation is evident. The +18 charge 
state been isolated from a + 18 adduct species as well 
as from the other charge states. 
The increased flexibility afforded by using only two 
side plates offers many potential advantages over the 
conventional method. As previously shown [25] re- 
moval of the switching relay from the detection elec- 
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Figure 4. Electrospray ionization FIICR mass spectra of a single 
population of horse myoglobin ions (al before and fb) after 
application of selective quadrupolar axialization to the +18 
charge state. A 500-mVpp q uadrupolar excitation signal was 
applied on the two excitation plates for 5 s while the pressure in 
the cell region was maintained at 1 x lo-’ torr. 
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tronics eliminates excess noise. In fact, the switching 
relay can be eliminated entirely by employing a 
center-tapped transformer. In this configuration the 
dipolar excitation waveform is applied to the input of 
the transformer and the quadrupolar excitation signal 
is applied to the center tap of the output, which results 
in the proper phase relationship for both signals. Alter- 
natively, the detection electrodes could be switched to 
apply an additional excitation simultaneously with the 
quadrupolar excitation [ 121. 
Conclusions 
Single-frequency quadrupolar excitation can be suc- 
cessfully applied to only two side plates of a FTICR 
trapped ion cell with no compromise in axialization 
efficiency. From symmetry arguments and SIMION- 
generated isopotential contours it can be seen that 
excitation on only two plates forms the same az- 
imuthal quadrupolar field as the standard four plate 
excitation. Examples of quadrupolar axialization pre- 
sented include efficient ion remeasurement and charge 
state selection. Excitation on only two plates can free 
the detection circuitry from the complicating effects of 
a switching relay or, if desired, more elaborate experi- 
ments can be performed. 
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